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FURTHER STUDIES OF FLAME MOVEMENT AND PRESSURE DEVELOPMENT IN 

AN ENGINE CYLINDER * 

By Charles F. Marvin, Jr., Armistead Wharton, and Carl H. Roeder 



SUMMARY 

The investigation described in this report , was carried 
out at the National Bureau of Standards at the request 
and with the financial assistance of the National Advisory 
Committee for Aeronautics. Stroboscopic apparatus, 
previously described, for observing flame movement through 
a large number of small windows distributed over the head 
of a spark-ignition engine was used in following flame 
spread with combustion chambers of different shapes at 
two engine speeds and for a variety of spark-plug locations 
including single and twin ignition. The principal factors 
influencing flame movement in the engine are discussed, 
and the lack of reliable information regarding their separate 
effects upon the structure of the flame and its speed of 
propagation are emphasized. 

INTRODUCTION 

The explosion in a gasoline engine is not an instan- 
taneous but a progressive process, a flame originating 
at the spark plug and spreading throughout the com- 
bustion chamber. The development of pressure and 
the resulting production of power is dependent upon 
the nature of this flame spread, as is also the "rough- 
ness" of the engine associated with explosion shock and 
and the "knock" that accompanies detonation. Knowl- 
edge of the fundamental facts regarding the actions in 
the gaseous contents of the engine cylinder during the 
combustion period is thus important in connection with 
the design of efficient and smoothly operating engines. 

A previous report (reference 1) presented results 
showing flame movement to all parts of the combus- 
tion chamber and simultaneous pressure development 
in an engine operating on diverse gaseous fuels. The 
effects of varying the mixture ratio, degree of dilution, 
charge density, spark advance, and engine speed were 
measured using a flat cylinder head at compression 
ratios of 3.6 and 5. The experiments described in the 
present report give results of a similar nature, obtained 
by operating the engine on motor benzol with four 
differently shaped combustion chambers, each giving a ; 
compression ratio of 5, and with various arrangements i 
of single and twin ignition. The results of both sets of 1 
measurements are reviewed in a general discussion of \ 
the major basic factors influencing flame velocities in i 
the engine. 



APPARATUS AND PROCEDURE 

I The 4-stroke-cycle, single-cylinder, L-head engine of 
! 3%-inch bore and 4-inch stroke, the auxiliary apparatus, 
' and the procedure described in reference 1 were used 
in the present measurements with only minor changes 
to facilitate observation and improve precision. 

The four special cylinder heads of approximately 5: 1 
compression ratio with combustion chambers of differ- 
ent shape are shown in figure 1. Head B is the flat 
steel head used in the experiments of reference 1. 
Head C, domed over both cylinder and valves, was 
made from the original cast-iron head of the engine. 
Heads D and E, domed over the valves alone and with 
small clearance over the piston, were made of cast 
brass and differed only with respect to the inward 
protrusions shown clearly in the photograph of head 
E. AH heads were water-cooled, head B having a 
separate system not connected with the block. 

Each head was provided with a Large number of small 
windows symmetrically distributed over the combus- 
tion chamber. These windows were observed through 
a stroboscope that provided a momentary view at the 
same point in successive cycles. By varying the timing 
of the view, it was possible to follow the progress of the 
flame as it spread from the spark plug to all parts of the 
charge. Possible positions of the spark gap are shown 
in the photograph of head B. 

Pressure changes during combustion were measured 
with a balanced-diaphragm indicator of the type 
described in reference 2. 

In order to check the visual observations and to 
secure a permanent record of the flame travel, photo- 
graphs like those shown in figure 2 were taken through 
the stroboscope on many of the runs. The set-up 
used for this purpose is shown in figure 3. For con- 
venience in analyzing the results, a cardboard mask, 
showing an outline of the combustion chamber and 
relative positions of piston and valves, was placed 
just over the head. Holes punched in the mask per- 
mitted a view of the flame through the windows. A 
small camera loaded with panchroma i lc motion-picture 
film was mounted at the stroboscope eyepiece and 
focused on the head as viewed in a mirror placed above 
the engine. The stroboscope thus acted as a high- 
speed shutter giving a very brief exposure once each 
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explosion at the same point in the cycle. When taking 
a picture, the camera shutter was usually left open for 
30 seconds, thus exposing the film to a selected phase 
of about 250 explosions (at 1,000 r. p. m.). A run 
included a series of such composite pictures taken at 
successive 2° intervals during the period of inflamma- 



Motor benzol was used as fuel in all runs. Air and 
fuel Hows were adjusted to maintain approximately 
optimum mixture ratio and a constant weight of charge 
per cycle equivalent to 75 percent volumetric ediriencv 
for atmospheric conditions of 760 mm of mercury 
pressure and 20° C. 



B 







D 

Figure 1.— Special engine heads 

tion. Each negative was identified by including in the 
picture small cards showing run number and strobo- 
scope setting, the latter being expressed in degrees of 
crank rotation before top dead center (BTDC) or after 
top dead center (ATDC). 



E | 

used in flame-travel observations. 

RESULTS OF EXPERIMENTS 
General characteristics. Dining a normal explosion 
in the engine cylinder, the spark initiates a luminous 
region that spreads rapidly in all directions from the 
plug, gaining in brightness as it spreads until the whole 
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charge is inflamed. Although the luminosity decreases just reached by the average flame front at a given 
as the piston recedes, it is usually visible far down stroboscope sot lino- receive light from some explosions 
on the expansion stroke. [and not from others and therefore appear dimmer on 




Figure 2.— Typical photographs showing spread of flame; 20° spark advance; head B; 1,000 r. p. ra. 



Successive explosions do not repeat exactly either in the photographs than windows previously illuminated, 
speed or general pattern of spread, and the diagrams The depth of the flame under these borderline windows 
presented here represent the average of many cycles, is also likely to be small, especially in the region of the 
Owing to the irregularity from cycle to cycle, windows plug, owing to the probable curvature of the vertical 




Figure 3.— Apparatus used in photographing flame spread. 
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section of the flame front. In the cases shown by the 
photographs of figure 2, the depth of the flame over 
the piston is somewhat less than that at other parts 
of the combustion chamber, owing to the fact that the 
piston face rises above the cylinder block. Moreover, 
this depth is variable to a slight extent due to piston 
movement. In the other three heads, variable depth 
results also from curvature of the ceiling of the com- 
bustion chamber. Although the windows were thor- 
oughly cleaned before each run, some windows tend to 
accumulate a deposit of carbon sooner than others, 
which makes them appear relatively dimmer after a 
short period of operation. In addition, differences un- 
doubtedly exist in the character and intensity of the 
illumination emitted at different points within the 
inflamed gases. 

In spite of these time and space variations in the 
intensity of the illumination, there is usually a sharp 
distinction between the inflamed region and the ad- 
jacent dark gases, and it is generally possible for a 
number of operators to estimate, with an average un- 
certainty of about two crankshaft degrees, the time of 
arrival of the average flame front under a given window, 
either by visual observation through the stroboscope 
or by examination of the photographic records. Timing 
of the spark varied by less than one-quarter of a degree 
from cycle to cycle. 

Effect of combustion-chamber shape. — In figures 4 
and 5, flame-front positions at successive 5° intervals 
after ignition are shown on plan views and vertical 
center sections of each of the four combustion cham- 
bers for two different engine speeds. No observations 
of flame travel in the vertical plane were made, the 
flame positions in the vertical sections having been 
estimated from the plan views. Instantaneous posi- 
tions of the piston face, where it intercepts the flame 
fronts, are shown by the dashes. Corresponding sets 
of indicator diagrams are given in figures 6 and 7. On 
these and succeeding indicator diagrams the points of 
complete inflammation, as judged from observations of 
the flames, are indicated by circles. 

The striking feature of these results is their simi- 
larity, i. e., pronounced alterations in combustion- 
chamber shape and engine speed produce only minor 
chiinges in (lame movement and pressure developmenl 
as referred to crank or piston travel. Distortion of 
the flame diagrams from truly concentric spread is not 
very great in any case. Within a range of 6° (from 
11° to 17° after top center) all the flame diagrams 
reach complete inflammation and all the indicator 
diagrams arrive at their peak pressures. The maxi- 
mum rate of pressure rise (about 25 pounds per square 
inch per degree of crank angle) is approached rather 
closely in all the diagrams and maximum pressures 
range between 315 and 365 pounds per square-inch 
gage. 

While differences between diagrams for the different 
heads are little greater than the experimental uncer- 



tainty, some of them are sufficiently consistent to be of 
interest. Flame travel during the first 15° after the 
spark is most rapid for the flat head B, slower for the 
moderately domed head C, and still slower for the 
higher domes of D and E. The rates of pressure rise 
during the early stages of combustion show a similar 
order for the different heads, but the indicator diagram 
for head C crosses that for head B about 16° after the 
spark at both engine speeds. Throughout the major 
portion of the pressure rise, the indicator diagrams for 
the four heads are nearly parallel and are arranged in the 
same order at both engine speeds. 

The higher maximum pressures attained with head B, 
together with the fact that compression and expansion 
lines at both speeds are steeper than for any of the 
other heads, indicate that the compression ratio for 
head B was a little higher than for the other heads, 
probably due to compression of the three gaskets used 
with this head. 

Windows around the piston end of head C became 
sooted quickly and the very small depth of flame under 
these windows made readings very uncertain. No 
reliable readings were obtained in this region at 
600 r. p. m. 

Effect of engine speed. — As in previous experiments 
(reference 1), no significant variation in the general 
pattern of flame spread resulted from a change in 
engine speed, and the flame and pressure diagrams, 
plotted with respect to crank position, are nearly the 
same for 600 and 1,000 r. p. m. Although the differ- 
ences are slight, they are consistent for all heads and 
indicate that (lame velocity and the time rate of 
pressure development increase 1 only a little more slowly 
than engine speed . The increase in the rate of combus- 
tion with increase in engine speed is well established 
and is generally attributed to greater turbulence 
(references 3 and 4). 

Figure 8 is typical of the effect of change in engine 
speed on the indicator diagrams for all heads. A more 
gradual slope on the compression and a steeper slope 
on the expansion lines at 600 r. p. m. is evidence of 
the greater heat loss from the charge at the lower speed. 

Effect of number and location of ignition points. — 
Special spark plugs that could be inserted at any 
window location were made to permit a study of the 
effect of the number and position of the points of igni- 
tion. The results with a normal spark advance of 
20° are shown in figures 9 and 10. Severe preignition 
occurred when two of the "hot" special plugs were used 
simultaneously and, in order to eliminate 1 this feature, 
a second series of runs (figs. 11 and 12) were made with 
the spark retarded to 10°. These runs compare single 
and double ignition under otherwise fixed conditions. 

As would be expected, a more rapid pressure rise is 
accomplished by double ignition although the differ- 
ence when compared with a single plug favorably 
placed near the center of the combustion chamber is 
negligible for the particular conditions of tests. 
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Figure 4.— Flame-travel diagrams for different combustion chambers— COO r. p. m.; Figure 5.— Flame-travel diagrams for different combustion chambers— 1,000 r. p. m.; 
20° spark advance. 20° spark advance. 




Figure 6.-Indicator diagrams for different combustion chambers— GOO r. p. m.; Figure 7.-lndicator diagrams for different combustion chambers- 1,000 r. p. 
20° spark advance. 20 ° s P ark advance. 
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With single ignition, inflammation time was shortest 
and pressure rise most rapid when the spark plug was 
located near the center of the combustion chamber 
(runs 1 and 8). With side ignition (runs 4, 5, 11, and 
12) the distance from the plug to the opposite wall is 
little greater than for the more central location and 
inflammation time was about the same except in run 4, 
which for some unknown reason is not consistent with 
the other runs of this group. The later pressure rise 
for the side ignition is probably due to the less rapid 
increase in area of flame in the earJy stages as compared 
with the more central ignition. Locating the single 
spark plug close to an end of the combustion chamber 
gave the longest inflammation time and the most 
gradual and prolonged pressure rise, which was to be 
expected since the distance the flame must travel is a 
maximum and the flame area is most restricted. 

The marked differences in appearance of the indicator 
diagrams for the various plug locations and the ac- 
companying differences in power developed would, 
of course, be greatly reduced if the optimum spark 
advance for each location had been substituted for the 
fixed advance used. A comparison of combustion 
characteristics when the charge is fired at various 
positions with optimum spark advance for each position 
is reported in reference 4. 

Figure 13 shows the result of changing the spark-gap 
location from the ceiling of a domed head to a point 
midway between the ceiling and the block. The change 
made little difference in the flame spread as viewed 
from the top, but accomplished an earlier pressure rise 
because the flame could spread in all directions from 
the spark. 

DISCUSSION 

IDEALIZED EXPLOSION 

In the review of the many factors that operate more 
or less independently but simultaneously to influence 
flame movement in spark-ignition engines, it seems 
desirable first to recall very briefly the principal fea- 
tures of a highly idealized and simplified explosion. 
These features are illustrated in figure 14, which shows 
hypothetical conditions in a long column of gas ignited 
at one end. 

If the tube containing the combustible mixture is 
open only at the ignition end so that the heated prod- 
ucts can escape as they are formed, the flame front will 
advance into the unburned mixture, and hence along 
the tube, at a constant speed S t , which may be called 
the "transformation velocity" because it is the linear 
rate at which the charge is transformed chemically. 

If the tube is open only at the end opposite the 
source of ignition, the flame front will still advance 
into the unburned mixture at this same transformation 
velocity; but the heated products, now unable to 
escape to the rear, in expanding push the flame front 
and the unburned charge forward so that the velocity 
of the flame front along the tube, although still a con- 
stant, is now much greater than in the previous case. 



If both ends of the tube arc closed, the flame front 
will start to move at this higher velocity, the long col- 
umn of unburned gas offering little resistance to the 
expansion of the first increment of charge to burn. As 
the flame front advances along the tube, however, the 
heated combustion products newly formed within 
it expand in both directions, this expansion being 
absorbed less and less by the diminishing column 
of unburned gas ahead and more and more by the 
increasing column of previously burned charge behind 
the flame front until, by the time the flame reaches the 
far end of the tube, all of the expansion is to the rear 
and the flame velocity in space has decreased to thi 
transformation velocity as a limiting value. This 



Time, thousandths ofo second 
0 2 4 6 8 10 12 14 



300 



^250 



100 











— i — 


i 


< 


), Complete 


n 
















in, 


f lamr 


rioiio 












\ 




r 


\ 
























\ 












/ 












\ 

V\ 










l 




4- 


\ 


■I00L 


Ir.p. 


m. 










-j/ 

4 




i- 


\ 




















i 




% 














T 


i 


60C 


r.p.i 


77. 














j- 




1 1, 
- Pres. - time 

i i 








ank 






/ f 


°res. 


-era 


nk p 


os.- 










y 


















Cj 















%0 20 0 20 40 60 



Crank position, degrees 
Figure 8— Typical effect of engine speed on indicator diagram. 

process has been described very clearly and in con- 
siderable detail by Ellis (reference 5). 

Thus in normal spark-ignited explosions the velocity 
S s of the flame front in space is the sum of the transfor- 
mation velocity S t or linear rate at which it advances 
with respect to the medium supporting it, plus whal 
may be called the "gas velocity" S u or rate at which t he 
supporting gases are themselves moving through space, 
or 

S s =S t +S u (1) 

The light lines in the diagram show, for the hypo- 
thetical case, how elements of charge, originally equally 
spaced in the tube, move under the influence of the ex- 
panding reaction products. Since these lines divide the 
total mass of charge into equal fractions (tenths) the 
arrival of the flame front at each successive line com- 
pletes the burning of another one-tenth of the mass. 
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Figure 9 —Flame diagrams for different spark-plug locations-20° spark advance; Figure 11 —Flame diagrams for different spark-plug locations— 10° spark advance; 
head B; 1,000 r. p. m. head B; 1,000 r. p. m. 
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If pressure rise is assumed proportional to mass burned, 
a pressure rise against time curve for the explosion may 
be plotted from the intersections of the flame-travel 
curve with the light lines. 

The mass rate of burning, and hence the rate of pres- 
sure rise at any instant will obviously be: 



M=AS t D 



(2) 



where A is the area of the flame front and D is the 
density of the charge undergoing combustion. In the 
simple hypothetical case, A and S t are constants so the 
increasing slope of the pressure curve reflects only the 
increasing density of the unburned charge. Since for a 
given explosion this density is determined by the in- 



mixture. This conclusion is indicated by the fact that 
the cones of burners operating with constant gas flow 
are stationary and also by the uniform speed of flame 
spread in soap-bubble bombs (reference 6). This ve- 
locity might be expected to vary with (1) the composi- 
tion of the unburned charge including both the charac- 
ter of the constituents and their proportions in the 
mixt ure, (2) the pressure of the system, (3) the tempera- 
ture of the unburned charge, and (4) the degree of 
turbulence in the neighborhood of the flame front. 
Unfortunately, reliable quantitative information, either 
theoretical or experimental, as to the separate effects of 
these four variables upon S t is either entirely lacking or 
<\\i remclv sea ire. 
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Figure 13.— Flame and indicator diagrams for spark plugs with long and short electrodes, 
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stantaneous pressure, control of the rate of pressure 
rise must be accomplished through control of A or S t . 

This simple illustration gives a rough first approxi- 
mation of the gross mechanism of a normal explosion 
in a spark-ignition engine, and equations (1) and (2) 
contain the principal factors upon which flame move- 
ment and pressure development in the engine depend. 
The two components of the flame's observed velocity 
may now be examined separately in greater detail. 

FACTORS INFLUENCING TRANSFORMATION VELOC1T1 

The linear velocity S t at which a flame front will 
advance into and transform a nonturbulent mixture of 
uniform composition and at given pressure and tem- 
perature would be expected to be a constant of the 



In the engine, all of these factors may vary, generally 
to an indeterminate extent, from po'nt to point in the 
combustion chamber and from instant to instant during 
a single explosion. Also, there is no reliable method of 
resolving the observed velocity S s in the engine into its 
components S t and S u . The engine with its highly 
complicated combustion process is, obviously, not well 
adapted to the isolation and precise evaluation of the 
separate effects of fundamental factors, and experi- 
ments with the simplest types of gaseous explosions, 
begun by Professor Stevens, are being continued at the 
National Bureau of Standards as a means of obtaining 
t his hasic informa t ion. 

Meanwhile, an effort has been made to detect in the 
engine diagrams any outstanding effects that might be 
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attributed to the four above-mentioned factors, with 
the realization that it is not possible to explain the 
observed variations in flame velocity with assurance 
and that all interpretations must be regarded as specu- 
lative to a considerable degree. 

Charge composition. -Experiments (reference 1) with 
equivalent mixtures of different gaseous fuels show 
rather large differences in observed flame speed S s . 
Since the heating values of these mixtures are about 
the same, little difference would be anticipated in the 
amount of expansion and, since the same engine- 
operating conditions were maintained in all runs, a 
variety of transformation velocities for the different 
fuels appears to be the only logical explanation for the 
considerable differences in observed (lame speed. 

A departure from optimum mixture ratio or an in- 
crease in the percentage of residual gases has been 
found (reference 1) to reduce the observed velocities in 




Figure 14.— Flame travel and pressure rise for simple idealized explosion in tubo. 
Curve A. Flame front displacement, tube closed at upper end only. 
Curve B. Flame front displacement, tube closed at ignition end only. 
Curve C. Flame front displacement, tube closed at both ends. 
Curve D. Pressure rise, tube closed at both ends. 
Light lines show displacement of planes 1-9, tube closed at both ends. 

the engine, undoubtedly through a reduction in both 
transformation velocity and the amount of expansion 
in the reaction zone. 

Pressure of the unburned charge. — Under conditions 
where variations in pressure so affect dissociation as to 
cause pronounced changes in the composition and 
specific volume of the burned gas, a considerable effect 
of pressure upon both S t and S u might be anticipated. 
An effect of pressure upon observed flame speed in 
space, which might be attributed to shifts in equilib- 
rium conditions, has been reported by Fiock and King 
(reference 7) for moist mixtures of CO and 0 2 at initial 
pressures up to 1 atmosphere. For higher initial 
pressures in mixtures of hydrocarbons and air, how- 
ever, these effects are apparently reduced to such an 
extent that no significant effect of pressure was de- 
tected in flame diagrams for the engine or for a con- 



stant-volume bomb made from the engine head 
(reference 1). 

Temperature of the unburned charge. — A rise in 
temperature of the unburned charge may operate to 
change transformation velocity both directly through 
an increase in molecular velocities and indirectly, if t he 
rise in temperature is great, by causing preflame 
reactions that alter composition. 

The temperature of the charge at the time the spark 
occurs may be varied by changes in spark advance, 
compression ratio, or ratio of fresh to residual charge. 
Each of these factors was varied in this investigation 
but any effects of change in charge temperature upon 
reaction velocity were so confused with the effect of 
altered combustion-chamber proportions or charge 
composition as to be indistinguishable. 

During the course of an explosion the unburned 
charge is constantly heated by compression and prob- 
ably by preflame reactions, and the transformation 
velocity would be expected to show an accompanying 
increase. Such an increase would tend to offset the 
decrease in the gas-velocity component predicted by 
the idealized explosion and thus minimize variations 
in the velocity of the flame front in space. A few of 
the diagrams show a nearly constant velocity through- 
out the inflammation period. The great majority, 
however, exhibit low initial velocities, increasing veloci- 
ties during the early stages and decreasing velocities 
near the end of the inflammation period. Relatively 
low velocities at the start and finish are also prominent 
features of many flame diagrams obtained by other 
investigators in the absence of detonation. (See ref- 
erences 8, 9, and 10.) 

The diminishing velocity as the Same approaches 
the wall in a normal explosion shows that the increase 
in transformation velocity resulting from the rise in 
charge temperature is insufficient to offset entirely the 
decrease in gas velocity, even in the latter stages of the 
explosion where the greatest effects of rising tempera- 
ture might be anticipated. It seems improbable, 
therefore, that relatively low-charge temperature is 
entirely responsible for the low-flame speeds during 
the early stages. 

Turbulence. — It is well known that the rate of com- 
bustion increases with the degree of turbulence in 
explosive mixtures and it appears that this increase is 
brought about by a more rapid advance of the flame 
front with respect to the unburned mixture 4 ; that is, 
by a higher value of S t rather than by a distortion of 
the pattern of flame spread by general swirling gas 
movements. The most satisfactory explanation for 
this phenomenon, as well as for the fact that flame 
speed increases with engine speed, seems to be that 
small-scale turbulence, in the form of small eddies of 
a highly random nature, exists throughout the charge 
in the cylinder and that the degree of this turbulence 
increases with engine speed. 
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Kindling of the unburned charge must be accom- 
plished largely, if not entirely, by direct collisions be- 
tween newly formed materials from the flame and 
molecules of unburned charge, for the unburned gases 
can absorb little radiation and the time is not sufficient 
for conduction and convection to penetrate more than 
a very small distance ahead of the rapidly advancing 
flame. 

In a perfectly quiescent mixture the process of diffu- 
sion alone controls the extent of intermingling of the 
burned, burning, and unburned phases in the neigh- 
borhood of the (lame front. In such a mixture the 
number of collisions contributing to the combustion 
process per unit area of flame front in unit time is 
relatively small, and S t has a minimum value character- 
istic of the mixture. It is this characteristic value of 
St that is approached or obtained in explosions of 
quiescent mixtures in bombs and in burner flames. 

A vigorous random stirring of the gases in t he neigh- 
borhood of the flame front, resulting in the mechanical 
mixture of burned, burning, and unburned materials in 
a zone of considerable depth would increase the prob- 
ability of fruitful collisions and raise the value of S t . 
Apparently it is through the action of some such local, 
perhaps even microscopic, turbulence that increased 
engine speed accomplishes a nearly proportional in- 
crease in flame speed. 

Less of this type of turbulence in the high domes of 
combustion chambers D and E may be partly responsi- 
ble for the slower flame spread and pressure rise in 
these cylinders as compared with those having the 
flatter heads. Very little is known about t he character 
and mode of action of this turbulence but, if means 
can be devised for producing and modifying it locally 
in the engine cylinder, it should prove to be an effective 
medium for combustion control. 

FACTORS INFLUENCING GAS VELOCITY 

In addition to the small-scale random eddies that 
affect S t , other more general movements of the charge 
will influence the observed flame speed S s without 
altering S ( . The rate at which the flame front is 
transported bodily in a direction normal to its surface 
by such general movements of the gases supporting it 
has been briefly termed the "gas velocity", S u . Large- 
scale gas movements capable of transporting the flame 
in this manner may be caused by (1) expansion of the 
burning gases, (2) piston motion during the burning 
period, or (3) the remnant of the swirl set up during 
the inlet or compression stroke. 

Many published records of individual explosions, 
particularly in bombs and tubes, show that gas velocity 
may also be influenced by vibrations and wave effects. 
These effects are, however, not detected in the average 
diagrams for as many explosions as obtained by the 
stroboscopic method. 



Expansion due to burning. — It has been seen that 
for the simple hypothetical explosion in the closed 
tube (fig. 14), gas velocity is a maximum just after 
ignition and decreases gradually to zero as the flame 
reaches the opposite end of the tube. In any so-called 
constant-volume explosion, each increment of charge 
overtaken by the advancing flame front is burned, not 
at constant volume, but more nearly at constant pres- 
sure and it therefore expands to an extent dependent 
largely upon the temperature rise for the reaction. 
When an increment of charge expands in the reaction 
zone, it compresess both the unburned charge ahead 
and the previously burned charge behind, the linear 
movement in each direction being approximately pro- 
portional to the relative volume of gas in that direc- 
tion. In this process the flame front will be advanced 
only to the extent that the unburned charge is com- 
pressed. If it is assumed that reaction and heat 
liberation are confined to the flame front, the contribu- 
tion of expansion to the flame's velocity wdll be a 
maximum just after ignition, for at this time the volume 
of unburned gas ahead of the flame is a maximum in 
all directions, and the whole expansion is effective in 
compressing the unburned gas and advancing the 
flame front. In a nonsymmetrical combustion cham- 
ber, the speed at which the flame front is carried 
away from the point of ignition will begin to slacken 
first in the direction of the nearest wall, for here the 
relatively shallow layer of unburned gas has the 
least freedom of movement normal to the flame with 
the net result that expansion takes place to the rear, 
where it contributes to the advance of the flame front 
in I hose regions still distant from a wall. 

In general, the effect of gas movements set up by 
the burning of a charge in a nonsymmetrical container 
is to carry the flame front most rapidly toward the 
greatest volume of unburned gas; i. e., there is a tend- 
ency for the flame surface to shape itself to the con- 
tainer walls. This tendency is very strikingly demon- 
strated in many of the flame photographs published 
by Ellis (reference 11). It is detectable also in some 
of the diagrams reproduced in the present report. 

Piston motion. — Both the position of the piston and 
its rate of motion influence flame velocities in a compli- 
cated manner dependent somewhat upon the combus- 
tion-chamber shape and spark-plug location. 

When the spark occurs, the piston is normally mov- 
ing upward near the top of the compression stroke. 
The resulting general compression opposes expansion 
in the reaction zone and thus tends to reduce gas veloc- 
ity, the extent of this effect increasing with spark 
advance. The greater combustion-chamber volumes, 
however, at greater values of spark advance, favor 
higher gas velocities. Conflicting influences also con- 
trol the transformation velocity. With greater spark 
advance, charge temperature will be lower but local 
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turbulence may be higher for some combustion cham- 
bers. That the net effect of these opposing factors 
upon flame speed in space may be very small, has been 
shown by the similarity of the flame diagrams (reference 
1) obtained with spark advances of 65°, 47°, and 26° 
in head B. 

As the piston moves upward the surge of gas ahead 
of it tends to blow the newly formed flame away from 
the piston. This action probably accounts for the 
first appearance of the flame in the windows on the 
side of the spark plug remote from the piston, promi- 
nent in the photographs of figure 2. 

With excessively retarded spark or with slowly 
burning mixtures, the downward motion of the piston 
on expansion may noticeably affect flame movement. 
Figure 11 shows two diagrams (runs 2 and 3) made 
with the spark plug at opposite ends of the combustion 
chamber but otherwise under similar conditions. As 
the spark advance was 10°, the flame front had moved 
only a short distance from the spark plug when the 
piston started downward. The rush of gas to occupy 
the volume vacated by the piston carried the flame 
front forward when the spark plug was over the valves 
(run 2) but it blew against the flame when the spark 
plug was over the piston (run 3) decreasing gas velocity 
and prolonging the inflammation period about 10°. 
With a more normal spark advance (20°), inflammation 
wis completed before piston velocity became great 
enough to produce these effects, as will be seen by a 
comparison of run 9 and run 10 in figure 9. Tins 
effect of piston motion on combustion time, and the 
influence of spark advance upon it, are also well 
illustrated in figure 11 of reference 4. 

While recession of the piston may either increase or 
decrease gas velocity, depending upon whether the 
resultant flow of charge is with or against the advance 
of the flame front, the total inflammation time is 
likely to be increased in either case. Thus, if the flame 
is approaching the piston from above, the layer of gas 
next to the piston face will always recede faster than 
the following surge can carry the flame front toward it 
and transformation velocity will presumably suffer a 
decrease as the temperature of the expanding charge 
drops. 

General swirl. — The distortion of the diagrams for 
'run 9 of figure 9 and run 2 of figure 11, as though 
general swirl had carried the flame front forward on 
one side of the combustion chamber and retarded it on 
the other, is characteristic of all diagrams obtained 
with the spark plug in the position shown, although the 
direction of rotation is frequently reversed. With the 
spark plug at other locations, the distortion is some- 
times noticeable but seldom pronounced. No rational 
explanation has been found for its erratic behavior, 
but it would seem that this lack of symmetry could 
be due only to a general rotary motion of the charge, 
set up by some unknown cause, or to local regions of 



high temperature or unfavorable charge composition, 
which for obscure reasons shift from one side of the 
combustion chamber to the other. 

PRESSURE DEVELOPMENT 

The power of an internal-combustion engine is 
derived solely from pressure developed by combustion 
of the fuel. Theoretically, power and efficiency are a 
maximum for instantaneous and complete combustion 
at top dead center and both increase with increase in 
compression ratio. Too rapid combustion results, 
however, in rough operation, whereas increasing the 
compression ratio tends to cause detonation. The 
practical problems of combust ion con t ml a re, t here tore, 
(1) the attainment of the maximum rate of pressure 
rise consistent with satisfactory smoothness and (2) 
the suppression of detonation at high compression 
ratios. 

Since flame spread is roughly concentric about a 
point of ignition, the shortest flame travel and the most 
rapid pressure rise with a single spark plug will be 
obtained by placing the gap near the geometrical center 
of the combustion chamber. A single plug should not 
be placed so that the flame is traveling away from the 
piston face as it recedes on the down strike. With 
slow-burning mixtures or with retarded spark, such a 
location will cause great additional delay in combustion 
and pressure development. 

Use of more than one plug will further reduce flame 
travel and increase rate of pressure rise. A detailed 
study of combustion control by appropriate placing of 
single and multiple spark plugs, covering a range of 
speed, spark advance and compression ratio, is reported 
in reference 4. 

CONCLUSIONS 

The following conclusions have been drawn from a 
consideration of the present and previous (reference 1) 
studies of flame travel and pressure development in a 
spark-ignition engine. 

1. Under all conditions covered, the flame spreads 
in a roughly concentric pattern about the point or 
points of ignition. 

2. It follows that with single ignition, the shortest 
combustion time will be obtained by placing the spark 
plug near the center of the combustion chamber. 

3. Still shorter combustion times can be secured by 
using two or more plugs. 

4. Flame velocities are dependent upon the char- 
acter of the fuel and are reduced by the addition of 
residual gases to the charge or by departures from the 
mixture ratio giving maximum power. 

5. For normal explosions in engines, flame speeds 
appear to be independent of pressure and, while thej 
probably increase with temperature, evidence of 
pronounced effects is lacking. 

6. Flame speeds and the rate of pressure develop- 
ment increase nearly as fast as engine speed, which 
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explains why engines can be operated at very high 
speeds with only a moderate increase in spark acta ance 

7. The increase in Same speed with engine speed is 
believed to be due to an increase in small-scale random 
turbulence, which affects the structure and depth of 
the reaction zone and influences the rate at which the 
flame advances into the unburned charge. 

8. For a properly timed, explosion of well-prepared 
charge, there will be very little piston movement dur- 
ing combustion. 

9. For excessively retarded spark or slow-burning 
mixtures, combustion time may be greatly prolonged 
by downward movement of the piston, especially if the 
last of the charge to burn is remote from the piston. 

10. In general, the spread of flame in the combustion 
chamber of a spark-ignition engine is controlled by at 
least six basic factors of major importance that operate 
more or less independently but simultaneously to 
determine instantaneous (lame velocities in space. 
Three of these factors — (1) the composition of the 
unburned charge, (2) the temperature of the unburned 
charge, and (3) the degree of local turbulence — influence 
the linear rate at which the reaction advances into and 
transforms the unburned charge, and are thus of 
direct importance in determining the rate of pressure 
rise. The other three — (4) expansion of the gases in 
the reaction zone, (5) piston movement, and (6) 
general swirl — affect the rate at which the flame front 
is carried in a direction normal to its surface by mass 
movement of the gases comprising it. There is no 
adequate theory and little or no conclusive experi- 
mental evidence now available from which the separate 
effects of the first three factors upon flame speed can be 
formulated. 

11. It is believed that experiments in bombs con- 
ducted under special conditions permitting the accu- 
rate evaluation of the speed of the flame front with 
respect to the active gases (not merely the speed in 
space) offer the most promising means of securing 
fundamental information regarding the structure of 
flame, the mechanism of spread, and the effect of 
fundamental factors such as charge composition and 
pressure and temperature in the low temperature 
range. 

12. In the engine, preflame reactions alter the com p< >- 
sition and temperature of the unburned charge to an 
unknown extent, which probably varies for different 
fuels. Since these reactions are associated with rela- 



tively high temperatures and extremely short heating 
periods, it would appear that they can be produced 
and their effects studied with certainty only in an 
engine or a high-speed compression machine. 



National Bureau of Standards, 
Washington, D. C, September 1935. 
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4. PROPELLER SYMBOLS 



D, Diameter 
p, Geometric pitch 
p/D, Pitch ratio 
P, Inflow velocity 

Slipstream velocity 



v., 

T, 

Q, 



Thrust, absolute coefficient C T " 
Torque, absolute coefficient C Q * 



v, 
n, 



Power, absolute coefficient C P =* pn zjy> 

Speed-power coefficient = ^Jj 
Efficiency 

Revolutions per second, r.p.s. 



Pn 2 



pn 2 D* 
Q 

'pn 2 D 6 

5. NUMERICAL RELATIONS 



Effective helix angle = tan" 1 (^~~^ 



1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h 



1 lb. = 0.4536 kg. 

1 kg = 2.2046 lb. 

1 mi. = i,609.35 m = 5,280 ft. 

1 m = 3.2808 ft. 



